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Haplotype analysis has become increasingly important for the study of human disease as well as for reconstruction
of human population histories. Computer programs have been developed to estimate haplotype frequencies statis-
tically from marker phenotypes in unrelated individuals. However, there currently are few empirical reports on the
accuracy of statistical estimates that must infer linkage phase. We have analyzed haplotypes at the CD4 locus on
chromosome 12 that consist of a short tandem-repeat polymorphism and an Alu insertion/deletion polymorphism
located 9.8 kb apart, in 398 individuals from 10 geographically diverse sub-Saharan African populations. Haplotype
frequency estimates obtained using gene counting based on molecularly haplotyped (phase-known) data were
compared with haplotype frequency estimates obtained using the expectation-maximization algorithm. We show
that the estimated frequencies of common haplotypes do not differ significantly with the use of phase-known versus
phase-unknown data. However, rare haplotypes are occasionally miscalled when their presence/absence must be
inferred. Thus, for those research questions for which the common haplotypes are most important, frequency
estimates based on the phase-unknown marker-typing results from unrelated individuals will be sufficient. However,
in cases where knowledge of rare haplotypes is critical, molecular haplotyping will be necessary to determine linkage
phase unambiguously.
Haplotype and linkage disequilibrium analyses have be-
come important tools for tracing population migration
events (Wainscoat et al. 1986; Tishkoff et al. 1996; Har-
ding et al. 1997; Kidd et al. 1998, 2000; Tishkoff et al.
1998) and for establishing founder effects for disease
alleles (Ha¨stbacka et al. 1992; Hoglund et al. 1995;
Risch et al. 1995; Escamilla et al. 1996; Goldman et al.
1996; Stephens et al. 1998). Haplotypes consisting of
one or more highly heterozygous short tandem-repeat
polymorphisms (STRPs), sometimes in combination
with biallelic flanking single-nucleotide polymorphisms
(SNPs) or insertion/deletion polymorphisms, have be-
come increasingly common. The high heterozygosity of
STRPs and the increased diversity of haplotypes con-
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taining STRPs result in few homozygotes and, thus, few
individuals with an unambiguous linkage phase. The pri-
mary data collected include the band sizes for each locus,
and the phase of the alleles on the chromosomes is un-
known for multiple-site heterozygotes. We use the terms
“phase unknown” or “phenotype” to refer to an indi-
vidual’s marker-typing results in the absence of phase
information, and we use the term “phase known” to
refer to the individual’s genetic constitution for the hap-
lotyped system, including the linkage phase of the com-
ponent marker alleles. When pedigree information is not
available, linkage phase can either be established directly
through molecular haplotyping or inferred probabilist-
ically. Molecular haplotyping is the direct determination
of linkage phase by generation and analysis of hemi-
zygous templates from diploid genomic samples by use
of allele-specific amplification (Michalatos-Beloin et al.
1996).
We are not aware of an empirical study demonstrating
how closely the frequency estimates from phase-un-
known data approximate those from gene-counting es-
timates based on phase-known data. The results of our
own unpublished studies indicate that maximum like-
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Table 1
Summary of Molecular Haplotyping
Population Sample
Sample
Size
No. of Doubly
Heterozygous
Individuals
(Phase Resolved)
Individuals
Phase-Known
Before Molecular
Haplotyping
(%)
No. of Different
Kinds of Doubly
Heterozygous
Phenotypesa
Biaka 53 8 (8) 84.9 4
Mbuti 37 6 (6) 83.8 6
Sekele San 52 10 (10) 80.7 9
Zu/Wasi San 44 5 (5) 88.6 5
Nama 33 6 (5) 81.8 5
Kikuyu 22 3 (2) 86.4 3
Yoruba 17 4 (3) 76.5 3
Bantu 43 18 (16) 58.1 12
Woloff 48 17 (13) 64.6 13
Herero 49 14 (7) 71.4 11
Total 398 91 (75) … …
a Values are not counts of individuals.
lihood estimates based on samples with phase-unknown
data could indicate the presence of haplotypes that are
not actually present in the sample, and vice versa. We
now have a large set of data that allows for systematic
examination of this question for a nontrivial case. We
have analyzed haplotypes at the CD4 locus (MIM
186940) on chromosome 12 that consist of two poly-
morphic markers located 9.8 kb apart: a biallelic poly-
morphism involving partial deletion of an Alu element
(Edwards and Gibbs 1992) and a multiallelic pentanu-
cleotide STRP (Edwards et al. 1991). The data on 398
individuals from 10 geographically diverse sub-Saharan
African populations show little disequilibrium between
these polymorphisms, and, because of the numerous
STRP alleles, there are many different phase-unknown
multiple heterozygotes (Tishkoff et al. 1996). These data
provide an opportunity to compare the haplotype fre-
quencies estimated, by use of gene counting based on
molecularly haplotyped data (Michalatos-Beloin et al.
1996; Tishkoff et al. 1996), in the phase-known situa-
tion versus those haplotype frequencies estimated, by use
of the expectation-maximization (EM) algorithm in the
HAPLO program (Hawley and Kidd 1995), in the phase-
unknown situation. (The source code for HAPLO, ex-
ample data files, and documentation are available
through the Kidd Lab Home Page Web site.) At least
two programs that are similar to HAPLO and that use
the EM algorithm have been independently developed
by Excoffier and Slatkin (1995) and Long et al. (1995).
All three programs have given us identical results on
comparable analyses, and all three assume Hardy-Wein-
berg proportions. All 10 populations in the present study
gave nonsignificant results for tests of Hardy-Weinberg
ratios, for both the STR and Alu polymorphisms.
Using a primer specific for the Alu deletion allele
(Alu[]) and long-range PCR (Michalatos-Beloin et
al. 1996; Tishkoff et al. 1996), we determined the
phase-known genotypes for 75/91 doubly heterozy-
gous individuals from a total of 398 individuals in the
10 sub-Saharan African populations sampled (table
1). Haplotypes were resolved completely in four pop-
ulations and were 86%–97% resolved in the other six
population samples. Incompletely resolved haplotypes
occurred only in those individuals for which there
were insufficient amounts of higher-molecular-weight
DNA. In each of the populations for which linkage
phase could be 100% determined, haplotype frequen-
cies were estimated by direct gene counting. In each
of the six populations in which a few haplotypes could
not be unambiguously resolved, haplotype frequencies
were estimated by incorporating the genotypes un-
ambiguously defined by use of molecular haplotyping
and allowing the EM algorithm in HAPLO to “as-
sign” the few remaining ambiguous cases. The small
proportion of phase-unknown multiple heterozygotes
that remained could not alter the frequency estimates
much from “pure” gene-counting estimates. Through-
out this report, the data described above as well as
the corresponding haplotype frequency estimates are
referred to as “phase known.” The data set on 398
individuals, which includes data for all 91 unresolved
doubly heterozygous individuals along with the cor-
responding EM frequency estimates, is referred to as
“phase unknown.”
The haplotype frequency distributions estimated from
the phase-known and phase-unknown data in each sam-
ple were not found to be statistically different (data not
shown), on the basis of the Workman and Niswander
heterogeneity test (1970). However, when phase is un-
known, the EM algorithm will sometimes produce very
low frequency estimates for haplotypes that are not ac-
tually present. For example, in the Mbuti sample, in
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Figure 1 Haplotype frequency estimates with and without mo-
lecular haplotyping information are compared in samples from 10
African populations. The change in estimate value (denoted as “C” in
the text) can range from 1 to 1, where 1 indicates a change from
zero to a nonzero estimate after addition of molecular haplotyping
information and where 1 indicates an estimate that changed to zero
after the addition of molecular haplotyping information. The change
value is plotted against the larger of the two frequency estimates.
which 6/7 Alu() alleles exist as double heterozygotes,
statistical inference generated six different Alu() hap-
lotypes of roughly equal frequency (range .010–.023).
In contrast, frequency estimates from the phase-known
data revealed that only three of these haplotypes are
actually present and that their frequencies (.053, .026,
and .013) differ. Likewise, in some instances, haplotypes
that were not predicted (i.e., those that had frequency
estimates of zero) by the EM algorithm were demon-
strated to be present by means of molecular haplotyping.
For example, in the Bantu-speaking population, three
haplotypes that were not predicted from phase-unknown
data were shown to be present by molecular haplo-
typing.
When the standard errors for the haplotype fre-
quency estimates were compared across the two data
conditions, almost all the estimates were within 1.5
standard errors of each other (results not shown). This
is consistent with the absence of an overall significant
difference. The only estimates that differed by 12 stan-
dard errors were those for haplotypes that were absent
in one of the two sets of estimates. We noticed a ten-
dency for the larger absolute difference, as well as the
standardized differences, to occur for haplotypes with
small frequency estimates, and we developed a change
index to show this graphically for all pairs of esti-
mates. The change coefficient (C) incorporates both
the direction and the percentage change in haplotype
frequencies across the two information conditions. If
we let H represent a haplotype frequency estimate
based on phase-unknown data and if we let M rep-
resent a haplotype frequency estimate based on phase-
known data, then C = (HM)/Max[H,M], where
Max[H,M] indicates the maximum value of H or M.
C coefficients were computed for each possible CD4
haplotype in each of the sub-Saharan African popu-
lations. The value of C ranges from 1 to 1, with
0 indicating that the H and M estimates are the same.
A negative value indicates that M 1 H, whereas
indicates that molecular haplotyping showedM = 1
the presence of a haplotype that was assigned a zero
frequency by the EM algorithm.
Figure 1 plots C on the Y-axis against the haplotype
frequency level for each estimate (Max[H,M]) on the
X-axis, for all possible haplotypes with nonzero fre-
quency estimates determined by either analysis in any
of the 10 population samples. The figure demonstrates
that dramatic percentage changes 90% occur only
at the lowest haplotype frequencies (!5%), which, in
this example, involved ∼24/154 nonzero haplotype es-
timates across the 10 sub-Saharan African samples.
Even the larger changes (range 30%–60%) occur only
when the frequency estimates are !.10. Approxi-
mately two-thirds (68%) of the haplotype frequency
estimates showed either no change or a small change
(15%). Some of the percentage changes that look
as though they could be large actually involve a shift
in very few chromosomes. For example, in figure 1,
the rightmost point plotted (Max[H,M] ∼.36; C 15%)
involves a shift of only two chromosomes for the Yo-
ruba 85bp/Alu() haplotype, since there are only 34
chromosomes in that sample. In that case, the jack-
knife standard error of the original phase-unknown
estimate encompassed the estimate obtained after mo-
lecular haplotyping.
To assess, by use of phase-known and phase-unknown
data, the effect of sample size on haplotype frequencies,
C was plotted against haplotype frequency, as described
above, with the sub-Saharan African populations
grouped according to sample size: small (34–66 chro-
mosomes), medium (74–88 chromosomes), and large
(94–106 chromosomes) (data not shown). The limited
effect of sample-size differences across the population
samples studied is that, compared with larger sample
sizes, the smaller sample sizes in this study (2N = 34–
) show a relative reduction in the number of low-66
frequency haplotypes. Consequently, fewer dramatic
changes in frequency occur across the estimation con-
ditions in the smaller samples, since the dramatic
changes in estimates are concentrated at rare (!.05) hap-
lotype frequencies. As the sample size grows, there are
more opportunities to observe rare haplotypes, almost
all of which will be in heterozygotes. Overall, however,
sample size did not have a large effect on the haplotype
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frequency estimates comparing phase-known and phase-
unknown results.
We also compared the standard errors for the phase-
unknown estimates with the standard errors for the es-
timates incorporating molecular haplotyping (data not
shown). As expected, in virtually all cases, the standard
errors were lower for the phase-known estimates reflect-
ing the additional information provided. Approximately
half of the haplotypes showed large decreases in the
standard errors of the estimates when phase-known data
were used, and almost all of the remaining haplotypes
had only small decreases in the standard errors of the
frequency estimates. Of 154 standard-error estimates,
16 were slightly larger for the phase-known estimates,
reflecting small increments in the frequency of the hap-
lotypes involved; 8 of the 16 involved haplotype fre-
quencies changing from zero (phase unknown) to a small
value (phase known).
The example presented is not a “worst-case” sce-
nario but neither is it trivial. The 10 African popu-
lations studied for CD4 polymorphisms display little
or no linkage disequilibrium between the two mark-
ers, and a significant proportion (∼23%) of the sam-
pled individuals are double heterozygotes for whom
no single phenotype (combination of marker-typing
results) is overwhelmingly frequent (table 1). It is easy
to see, in contrasting situations with strong disequi-
librium, that there can be a high proportion of phase-
unknown multiple heterozygotes that are relatively
easy to resolve because only a few combinations of
marker typings predominate; molecular haplotyping
may add little information in such individuals. For
instance, for the CD4 locus, the data from a study by
Tishkoff et al. (1996) indicate that the European pop-
ulation has a higher proportion of multiple hetero-
zygotes (∼42%), but these divide roughly equally be-
tween two common doubly heterozygous genotypes
generated by the three common haplotypes—85bp/
Alu(), 110bp/Alu(), and 90bp/Alu()—account-
ing for 92.6% of all chromosomes in the European
population. Because of this nearly complete associa-
tion, the standard error on haplotype frequencies es-
timated by use of HAPLO is low. The very strong
linkage disequilibrium in non-African populations
clearly compensates for the high overall proportion
of phase-unknown multiple heterozygotes.
In the Taiwanese Han sample of a previous study (Lu
et al. 1996), a similar example occurs at the DRD2 locus,
where the single most common phenotype (18/46 indi-
viduals) is a triple heterozygote but where the next two
most common (10 and 5 individuals) phenotypes are
“opposite” triple homozygotes. The four remaining phe-
notypes are mostly unambiguous with respect to the un-
derlying genotypes. Common sense—and the EM al-
gorithm—will assign each of the triple heterozygotes to
a single genotype, and one can anticipate little increase
in accuracy from molecular haplotyping. However, in
situations in which most individuals are multiply het-
erozygous and no single phenotype is common, as when
two STRP loci are in equilibrium, most haplotypes will
be uncommon, and molecular haplotyping might result
in a very different profile, compared with that given by
the EM algorithm. The CD4 example is intermediate
between these two extremes.
These examples highlight the importance of both the
relative frequencies and the numbers of different phase-
unknown multiply heterozygous phenotypes, rather
than simply the total proportion of phase-unknown mul-
tiple heterozygotes, in assessment of the accuracy of hap-
lotype estimation. The existence of many different phe-
notypes at roughly similar frequencies implies that many
different haplotypes occur at low frequency and that,
hence, greater error and uncertainty occur in the esti-
mation of haplotype frequencies. In contrast, the pres-
ence of a small number of multiply heterozygous phe-
notypes at proportionately high frequencies implies that
some individual haplotypes exist at high frequencies, and
the estimation of those haplotypes’ frequencies will be
accomplished with greater accuracy.
Our findings for CD4 haplotypes show that the esti-
mated frequencies of common haplotypes do not differ
significantly using phase-known versus phase-unknown
data. For research in which the common haplotypes are
most important, frequency estimates based on the phase-
unknown marker-typing data (phenotypes) of unrelated
individuals will be sufficient. However, accurate identi-
fication of rare haplotypes may be essential for some
areas of research, including detection of low levels of
population admixture and definition of rare mutation-
bearing haplotypes in the absence of family material.
Also, when multiple polymorphic sites display little or
no disequilibrium, a large percentage of the chromo-
somes in a population may occur as uncommon or rare
haplotypes. In such cases, the overall level of uncertainty
from phase-unknown data will be larger. These com-
parisons demonstrate the usefulness of molecular hap-
lotyping for determining linkage phase from typing re-
sults on highly polymorphic markers as well as for
obtaining more-accurate haplotype frequency estimates
when pedigree information is unavailable.
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